A series of helical structures for gramicidin A, with alternating L and D residues, are characterized as to number of residues per turn, atoms in hydrogenbonded rings, and dihedral angles. Because of alternating peptide C-O directions, these helices are capable of forming head-to-head hydrogen-bonded dimers with the capacity of functioning as transmembrane channels. The dimers are characterized as to channel length, pore size, and expected ion selectivity.
gramicidin A)-malonamideJ was synthesized. The chemical and conformational integrity of the product was verified by nuclear magnetic resonance; in lipid bilayer studies, the dimer was found to be a potent mediator of ion conductance with the predicted concentration dependence.
Thus, the results on malonyl gramicidin A prove headto-head association in formation of the transmembrane channel, and the results are consistent with the specific geometrical configuration involved in head-to-head dimerization of lr(L,D) helices. At this stage, the action of gramicidin A on membranes with lipid-layer thicknesses of 30 A or less can best be understood in terms of the 7r(LD) helix with 6.3 residues per turn.
On the basis of the Pauling-Corey-Donohue postulates for polypeptide structure (1) (2) (3) (4) , the conformational energy diagrams for backbone dihedral angles of polypeptides (5, 6) , and the characteristics of gramicidin A-mediated ion conductance across lipid bilayers (7, 8,*) , coupled with the significant fact that the amino acids in this peptide are in alternating I-D sequence (9, 10), a left-handed 2r(LD) helix has been proposed for the gramicidin A transmembrane channel (11) , which has the unusual property of being capable of head-to-head dimerization. The head-to-head hydrogen-bonded association of two helices is possible because the peptide C-O bonds alternate in direction, with orientations primarily parallel and antiparallel to the helix axis. In this paper we generalize the possibilities of head-to-head association of left-handed gramicidin A helices of the TK(LD) type and demonstrate, by examining the lipid bilayer activity and NMR spectrum of a derivative obtained by chemically coupling the a-amino moieties of two deformyl gramicidin A molecules (i.e., by forming the malonamide dimer), that the transmembrane channel is formed by head-to-head association.
THE SET OF 7(L.D) HELICES The sequence of gramicidin A, HCO-iVal-Gly-L-Ala-
Trp-D-Leu-i-Trp-NHCH2CH20H, with its alternating L and D residues, makes possible a set of helices that differ from all previously described helices in that the peptide C-O bond vectors alternate with components parallel and antiparallel to the axis of the helix. If we define the direction of the helix axis vector from the amino to the carboxyl terminus, the C-O moieties of the L residues in lr(LD) helices of gramicidin A have components parallel to this vector, whereas for the D residues, they are antiparallel to it. In the a-helix, on the other hand, all C-O bond vectors have components parallel to the helix axis vector.
The alternating C-O directions require, in schematic representation, that the number of sides of the helical structures be even. This is illustrated in Fig. 1 , where two structures are represented with four and six sides. The C-O directions are the same for a given side of the helix. The alternation of one side with C-O moieties directed upward and the next side with the C-O moieties directed downward (necessary for intramolecular hydrogen bonding) requires an even number of sides. When these structures are built in accordance with the Pauling-Corey postulates, they are found to be allowed and of low energy in the dihedral angle conformational energy diagrams (5, 6) . The structure in Fig. la has already been described (11) ; it is properly characterized as 4.4 residues per turn, with two different hydrogen-bonded rings of 14 and 16 atoms. The perspective along the helix axis of the structure in Fig. lb is given in Fig. 2 . To distinguish these conformations we will use a superscript that indicates the number of sides for the schematic representations in Fig. 1 . These helices are characterized in Table 1 , which also includes the pore size and the length of two helices associating head to head.
The pore size of 1r6(LD) is of interest with respect to the ion selectivity exhibited by the transmembrane channel, NH4+ > K+ > Na+. The ammonium ion could pass through the channel with the least perturbation of the structure. K+, with its 2.66 A diameter, would require that the majority of its coordinations be supplied by the channel, necessitating an induced relaxation of conformation in which the directions of the C-O vectors are rotated toward the center of the channel. Na+, with its 1.92 X diameter, would require the greater perturbation of structure. The possibilities of the T4(LD) helix have been discussed (11) ; the 78(LD) helix, and helices with larger pore size, would exhibit virtually no ion selectivity. If we assume conformational energy to increase with deviation from the optimal helix coordinates, and relaxation of conformation to be the limiting factor energetically, it would be expected that the ion selectivity would be Cs+ > Rb+ > K+ > Na+ for Tr6(LD) and the reverse for r4(L,D). Although these assumptions are not unreasonable, they must be checked with calculations involving the ion. All helices except Xr4(LD) would be permeable to water. Steric crowding of the bulky R groups disfavors the helices with larger pore size.
The length of the channel formed by the dimers can best be given in terms of a range of values. The C-0 of the ter- 
* Approximate number of residues per turn obtained from molecular models. These values will be improved by carrying out the conformational energy calculations and obtaining coordinates for the low-energy conformation.
t Approximate dihedral angles obtained from the molecular models. These values will be refined by carrying out the conformational energy calculations. The values for the L residues correspond directly to the dihedral-angle conformational energy diagrams. The values for the D residues, in parentheses, are also to be related to the conformational energy diagrams for L residues. They are energetically equivalent positions. The positions on a conformational energy diagram for D residues are related by the following expressions: 'D = XL + 2400; 4w = OL-2400. All these values fall within the broad low-energy basin on the dihedral-angle conformational energy charts (5, 6) .
The higher value is the distance between the outermost end-peptide (tryptophyl) oxygens, which are directed into solutions (including the oxygen van der Waals radii), and the shorter distance is from the innermost pair of tryptophyl oxygens that are directed into solution. The shorter distance would probably be close to the preferred lipid-layer thickness. , erythrocyte lipids, with cholesterol added in about the same ratio. molecule, plus their van der Waals radii. The shortest length of the channel involves the distance between peptide oxygens of the Trp-13, Trp-11, or Trp-9 for helices 1r4(LD), T6(L,D), and r8(LD), respectively. Again, the van der Waals radii of the peptide oxygens is added. If one wishes to have all the peptide oxygens that are directed into solution in contact with the junction between lipid and polar layers, the optimal lipidlayer thickness would be best approximated by the shorter length. In this connection it is important to note that current estimates of lipid-layer thickness indicate that membranes can be obtained with lipid-layer thicknesses of 30 X or less (D. Haydon, V. Luzzatti, and W. Stoeckenius, private communications).
In the description (11) and its derivatives serves to verify the formation of the derivative, to determine purity, and to assess the effect of the chemical modification on conformation in p)erdeutero-dimethyl sulfoxide (Me2SO-6). The assignment of resonances is given in Fig. 4a .t The formyl proton peak near 8 ppm in Fig. 4a is missing in 4b, in which a malonyl CH2 proton peak is observed near 3.5 ppm. The spectra are otherwise as nearly identical as can be expected for subsequent NMR scans, with the exception of small changes in the peptide N-H region. (13) were observed having an average value for Ag(K+) of 7 X 10-11 Q-1, the same for both lipids, and approximately one-third of those seen with unmodified gramicidin A' under the same conditions. The K+-Na+ bionic potential was 17 + 2 mV at 100 mM electrolyte concentrations, compared to 42 mV for gramicidin A', which indicates a reduced ion selectivity for malonyl gramicidin A'. The NH4+-K+ potential was +7 mV. None of the above results changed as the mole ratio of cholesterol to phospholipid was varied from 0 to 1 to 2.
Another feature is the very high specific conductance, 107 U-. cm-2 molh; a comparable figure for valinomycin (14) at the same electrolyte concentration (1 mM potassium phosphate, pH 7) would be 101 Q-1 cm-2 moh-1.
The kinetics of malonyl gramicidin A' are essentially what would be predicted if dimerization is absent or not ratelimiting (8)*. That the rate constant is lower is also to be expected if it represents the entropy of conformational change required to pass from the aqueous to the lipid phase.
From the value of channel conductance Ag(K+) and an assumed thickness for the hydrophobic region of 40 it, one obtains a partition coefficient 13 = 430 for the lecithin. From the above value of Ag one can also calculate the mobility u(K+) 7 X 10-4 cm2 sec1 V-1 of K+ in a channel, which turns out to be the same as in water. Since the partition coefficient of valinomycin (15) is somewhat greater, 13 = 3400, this high mobility is the principal cause of the high specific conductance with malonyl gramicidin A'. On the other hand, the relative constancy of Ag with varying lipid composition indicates that lipid specificity operates here principally by changes of 13. This explains the markedly lower lipid specificity for malonyl gramicidin A' as against gramicidin A', since it depends here on 13 rather than 12. For the lipids in Fig. 5 , malonyl gramicidin A' gave one, whereas, gramicidin A' gave two orders of magnitude difference. The somewhat lower value of Ag(K+), together with the reduced K+/Na+ selectivity, shows that Ag(Na+) remains unchanged. That there is a change for K+, however, seems to indicate that not all the ion selectivity is exercised at the polar-nonpolar interface.
That cholesterol has no effect with malonyl gramicidin A'
shows that its action with gramicidin A'-a reduction in specific conductance (8)-is most probably on the intramembrane dimerization.
